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CHEMICALLY MODIFIED OLIGONUCLEOTIDE 
FOR SITE-DIRECTED MUTAGENESIS 



Background of the Invention 

This relates to the fields of genetics, and more 
particularly relates to site-directed mutagenesis 
5 of a gene of interest. 
Gene Therapy 

Gene therapy is the introduction into a cell of 
an entire replacement copy of a defective gene to 
treat human, animal and plant genetic disorders. 

10 The introduced gene, via genetic recombination, 
replaces the endogenous gene. This approach 
requires complex delivery systems to introduce the 
replacement gene into the cell, such as genetically 
engineered viruses, or viral vectors. 

15 Gene therapy is being used on an experimental 

basis to treat well known genetic disorders of 
humans such as retinoblastoma, cystic fibrosis, and 
sickle cell anemia. However, in vivo efficiency is 
low due to the limited number of recombination 

20 events actually resulting in replacement of the 
defective gene. 
Triple-stranded DNA 

Since the initial observation of triple-stranded 
DNA many years ago by Felsenfeld et al., J. Am. 

25 Chem. Soc. 79:2023 (1957), oligonucleotide-directed 
triple helix formation has emerged as a valuable 
tool in molecular biology. Current knowledge 
suggests that oligonucleotides can bind as third 
strands of DNA in a sequence specific manner in the 

30 major groove in polypurine/polypyrimidine stretches 
in duplex DNA. In one motif, a polypyrimidine 
oligonucleotide binds in a direction parallel to 
the purine strand in the duplex, as described by 
Moser and Dervan, Science 238:645 (1987), Praseuth 
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et al., Proc. Natl. Acad. Sci. USA 85:1349 (1988), 
and Mergny et al., Biochemistry 30:9791 (1991). In 
the alternate purine motif, a polypurine strand 
binds anti-parallel to the purine strand, as 
5 described by Beal and Dervan, Science 251:1360 
(1991) . The specificity of triplex formation 
arises from base triplets (AAT and GGC in the 
purine motif) formed by hydrogen bonding; 
mismatches destabilize the triple helix, as 
10 described by Mergny et al., Biochemistry 30:9791 

(1991) and Beal and Dervan, Nuc. Acids Res. 11:2773 

(1992) . 

Triplex forming oligonucleotides have been found 
useful for several molecular biology techniques. 

15 For example, triplex forming oligonucleotides 

designed to bind to sites in gene promoters have 
been used to block DNA binding proteins and to 
block transcription both in vitro and in vivo. 
(Maher et al., Science 245:725 (1989), Orson et 

20 al., Nucleic Acids Res. 19:3435 (1991), Postal et 
al., Proc. Natl. Acad. Sci. USA 88:8227 (1991), 
Cooney et al., Science 241:456 (1988), Young et 
al., Proc. Natl. Acad. Sci. USA 88:10023 (1991), 
Maher et al., Biochemistry 31:70 (1992), Duval- 

25 Valentin et al. , Proc. Natl. Acad. Sci. USA 89:504 
(1992), Blume et al., Nucleic Acids Res. 20:1777 
(1992), Durland et al., Biochemistry 30:9246 
(1991), Grigoriev et al., J. of Biological Chem. 
267:3389 (1992), and Takasugi et al., Proc. Natl. 

30 Acad. Sci. USA 88:5602 (1991)). Site specific 

cleavage of DNA has been achieved by using triplex 
forming oligonucleotides linked to reactive 
moieties such as EDTA-Fe(II) or by using triplex 
forming oligonucleotides in conjunction with DNA 

35 modifying enzymes (Perrouault et al., Nature 

344:358 (1990), Francois et al., Proc. Natl. Acad. 
Sci. USA 86:9702 (1989), Lin et al., Biochemistry 
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28:1054 (1989), Pei et al., Proc. Natl. Acad. Sci. 
USA 87:9858 (1990), Strobel et al. , Sci nee 
254:1639 (1991), and Posvic and Dervan, J. Am. Chem 
Soc. 112:9428 (1992)). Sequence specific DNA 
5 purification using triplex affinity capture has 
also been demonstrated. (Ito et al., Proc. Natl. 
Acad. Sci. USA 89:495 (1992)). Triplex forming 
oligonucleotides linked to intercalating agents 
such as acridine, or to cross-linking agents, such 

10 as p-azidophenacyl and psoralen, have been 

utilized, but only to enhance the stability of 
triplex binding. (Praseuth et al., Proc. Natl. 
Acad. Sci. USA 85:1349 (1988), Grigoriev et al., J. 
of Biological Chem. 267:3389 (1992), Takasugi et 

15 al., Proc. Natl. Acad. Sci. USA 88:5602 (1991). 

A method for site-directed mutagenesis of a 
target DNA molecule would be a useful in achieving 
successful gene or anti-viral therapy. Such a 
method would also be a useful research tool for 

20 genetic engineering or for studying genetic 
mechanisms such as DNA repair. 

Therefore, it is an object of the present 
invention to provide a method for in vivo and in 
vitro site-directed mutagenesis of a target DNA 

25 molecule. 

It is a further object of the present invention 
to provide a method for mutagenesis of a target DNA 
molecule that is highly specific and efficient. 
It is a further object of the present invention 

30 to provide a method for treating genetic disorders 
by gene therapy without the need for a viral 
vector . 

It is a further object of the present invention 
to provide a method for treating cancer. 
35 It is a further object of the present invention 

to provide a mutagenic oligonucleotide for use in 
therapy and research. 



3 



Summary of th Invention 

A mutagenic, triplex-forming oligonucleotide and 
methods for use thereof are described herein. An 
oligonucleotide capable of forming a triple strand 
with a specific DNA segment of a target gene DNA is 
chemically modified to incorporate a mutagen. The 
modified oligonucleotide hybridizes to a chosen 
site in the target gene, forming a triplex region, 
thereby bringing the attached mutagen into 
proximity with the target gene and causing a 
mutation at a specific site in the gene. The 
mutation activates, inactivates, or alters the 
activity and function of the target gene. 

If the target gene contains a mutation that is 
the cause of a genetic disorder, then the mutagenic 
oligonucleotide is useful for mutagenic repair that 
may restore the DNA sequence of the target gene to 
normal. If the target gene is a viral gene needed 
for viral survival or reproduction or an oncogene 
causing unregulated proliferation, such as in a 
cancer cell, then the mutagenic oligonucleotide is 
useful for causing a mutation that inactivates the 
gene to incapacitate or prevent reproduction of the 
virus or to terminate or reduce the uncontrolled 
proliferation of the cancer cell. The mutagenic 
oligonucleotide is also a useful anti-cancer agent 
for activating a repressor gene that has lost its 
ability to repress proliferation. 

The mutagenic triplex-forming oligonucleotide is 
also particularly useful as a molecular biology 
research tool to cause site-directed or targeted 
mutagenesis* Site-directed mutagenesis is useful 
for targeting a normal gene and for the study of 
mechanisms such as DNA repair. Targeted 
mutagenesis of a specific gene in an animal oocyte, 
such as a mouse oocyte, provides a useful and 
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powerful tool for genetic ngineering for research 
and therapy and for generation of new strains of 
"transmutated" animals and plants for research and 
agriculture. 

5 

Brief Description of the Drawings 

Figure 1 is a schematic representation showing a 
psoralen-linked triplex-forming oligonucleotide for 

10 targeted mutagenesis of the lambda genome, A map 
of the lambda supF genome is shown, including the 
target gene for site-directed mutagenesis, the supF 
suppressor tRNA gene. Above the partial sequence 
of the supF gene (positions 149 to 183), the site 

15 of triplex formation at positions 167-176 is 

indicated by the placement of the triplex-forming 
oligonucleotide, pso-AGlO (4 ' hydroxymethyl-4 , 5 ' , 8- 
trimethylpsoralen- y AGGAAGGGGG 3 ) . The arrow 
indicates that the psoralen moiety is targeted to 

20 the A:T base pair at position 167. In addition to 
the supF gene, the lambda vector carries the £l 
lambda repressor gene which is used to assess non- 
targeted mutagenesis. 

Figures 2a and 2b show a sequence analysis of 

25 targeted mutagenesis in the supF gene by the 

psoralen-linked triplex-forming oligonucleotide 
(pso-AGlO) . In Figure 2a, mutations produced by 
pso-AGlO and UVA are indicated above each base 
pair, with the listed base representing the change 

30 from the sequence in the top strand. The + signs 

below the sequence are sites at which mutations are 
known to produce a detectable phenotype change, 
demonstrating that the use of supF in this assay 
does not bias detection at any particular site. 

35 The asterisk indicates the targeted base pair at 
position 167. DNA sequence data was obtained by 
automated methods after polymerase chain reaction 
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amplification of the supF genes from lambda phage 
plaques in accordance with the method of Connell et 
al., Biotechniques 5:342 (1987). Figure 2b is a 
compilation of mutations induced in supF by 8- 
methoxypsoralen and UVA in mouse L-cells using the 
lambda supF vector of Figure 1 or generated using a 
plasmid shuttle vector in monkey Vero cells in 
accordance with the method of Bredberg and 
Nachmansson, Carcinogenesis 8:1923 (1987), to 
compare the mutations produced in supF by free 
psoralen with those produced by the triplex forming 
oligonucleotide AGIO. 

Figure 3 is a schematic representation of the 
strategy for targeted mutagenesis of SV40 DNA. The 
10 base triplex-forming oligonucleotide, psoralen- 
AGIO ( 4 ' hydroxymethy 1-4 , 5 ' , 8-tr imethy 1- 
5 ' AGGAAGGGGG3 ' ) , is shown directly above its 
targeted sequence in the supF gene (base pairs 167- 
176), contained within the SV40 vector, pSP189. 
Psoralen-AGIO is incubated with the SV40 vector DNA 
to allow site-specific triplex formation. 
Photoactivation of the psoralen by irradiation with 
long wave ultraviolet light (320-400 nm) is 
designed to generate an adduct at the targeted base 
pair (167), as indicated by the arrow. The oligo- 
plasmid complex is then transfected into monkey 
COS-7 cells and allowed to replicate for 48 hours. 
Following purification of the vector DNA by the 
Hirt lysate procedure (Hirt et al., J. Mol. Biol. 
26:365-369 (1967)), the DNA is used to transform EL-. 
coli SY204 lacZ125 (Am) . Transf ormants are 
selected on ampicillin plates containing X-gal and 
isopropylthio-B-D-galactoside (IPTG) for detection 
and isolation of mutants (white colonies) in which 
the supF gene has been inactivated by mutation. 

Figure 4 is a schematic representation showing 
the basis of a restriction enzyme protection assay, 
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using Hint I digestion, to detect site-specific 
triplex formation within the supF gene. The 
formation of triplex DNA by psoralen-AGlO at its 
targeted site (bp 167-176 of the supF gene) 
5 overlaps with the Hint I restriction site at bp 

164-168 (indicated in the diagram by the box around 
the appropriate base pairs) • Digestion of the 
unprotected 250 bp supF PCR fragment with JJinf I is 
expected to yield three fragments of sizes 150, 65, 

10 and 35 bp. In contrast, with the Hint I site at bp 
164-168 blocked by triplex formation at bp 167-176, 
fragments of sizes 150 and 100 bp are predicted. 

Figures 5A and 5B are a sequence analysis of 
targeted mutagenesis in the supF gene within the 

15 pSP189 SV40 vector by the psoralen-linked triplex- 
forming oligonucleotide, psoralen-AGlO . In Figure 
5A, point mutations produced by psoralen-AGlO and 
UVA are indicated above each base pair, with the 
listed base representing the change from the 

20 sequence in the top strand. Deletion mutations are 
presented below the supF sequence, indicated by 
dashed lines. For the one deletion that was 
accompanied by an apparent base change, the 
indicated base represents a mutation from the 

25 sequence of the top strand. The + signs below the 
sequence are sites at which mutations are known to 
produce a detectable phenotype change demonstrating 
that the use of supF in this assay does not bias 
detection at any particular site. The asterisk 

30 indicates the targeted base pair at position 167. 
Figure 5B is a compilation of mutations induced in 
supF by 8-methoxypsoralen and UVA in mouse L-cells 
using a lambda phage shuttle vector or generated in 
monkey Vero cells using an SV40 shuttle vector 

35 (pZ189) almost identical to the one used in this 

study to show for comparison the mutations that can 
be produced in supF by free psoralen* 
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Figure 6 is a schematic representation of the 
strategy for targeted mutagenesis of SV40 DNA in 
monkey COS c lis. Psoralen was incorporated by 
synthesis into a triplex-forming oligonucleotide as 
psoralen phosphoramidite. The SV40 shuttle vector, 
pSupFGl was a derivative of pSP189 and carried 
triplex-binding sites, which were engineered in to 
the supF gene. The plasmid is transfected into 
monkey COS-7 cells. Subsequently, the 
oligonucleotide is added to the cells, which are 
allowed to replicate for 48 hours. Photoactivation 
of the psoralen by irradiation with long wave 
ultraviolet light (320-400 nm) is designed to 
generate mutations. Following purification of the 
vector DNA by the Hirt lysate procedure (Hirt et 
al., *J. Mol. Biol. 26:365-369 (1967)), the DNA is 
used to transform E. coli SY204 lacZ125 (Am) . 
Transformants are selected on ampicillin plates 
containing X-gal and IPTG for detection and 
isolation of mutants (white colonies) in which the 
supF gene has been inactivated by mutation. 

Figure 7 is the nucleotide sequence and two- 
dimensional structure of a modified supF gene, 
designated supFGla. An A: T to C:G transversion was 
incorporated into the sequence, along with a 
compensatory T:A to G:C change at bp 101 to 
maintain base pairing in the amino acid acceptor 
stem of the mature tRNA thereby eliminating an 
interruption at bp 167 in the 

polypurine/polypyrimidine run. In addition, a 13 
bp polypurine/polypyrimidine sequence was inserted 
between bp 183 and 184 to extend the length of the 
polypurine/polypyrimidine run in the gene to 30 bp. 
This construct contains a 30 bp polypurine site 
with two interruptions. 

Figure 8 is the nucleotide sequence and two- 
dimensional structure of a modified supF gene, 
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designated supFG2 . This sequence contains a 43 bp 
polypurine site and two interruptions. 

Figure 9 is a graph of percent maximum binding 
versus oligonucleotide concentration (M) of the 
5 mutagenic oligonucleotides pso-AGlO (open squares) 
and pso-AGT30 (diamonds) . 

Figure 10 is a sequence analysis of sequences of 
mutations targeted to the supF gene within an SV40 
vector (pSupFGla) by treatment of COS cells with 
10 pso-AGT30 and UVA. 

Detailed Description of the Invention 

A mutagenic triplex-forming oligonucleotide and 

15 methods of use in gene therapy, anti-viral 

therapeutics, scientific research, and genetic 
engineering of cells, animals and plants are 
provided. The mutagenic oligonucleotide binds with 
specificity to a chosen site in a target DNA 

20 molecule, forming a triplex region, thereby 

bringing the attached mutagen into proximity with 
the target site and causing a mutation therein. 
Preferably, the mutation activates, inactivates or 
alters the activity and function of a gene 

25 containing the target site. 
Oligonucleotide 

The oligonucleotide is a synthetic or isolated 
oligonucleotide capable of binding or hybridizing 
with specificity to a predetermined region of a 

30 double-stranded DNA molecule to form a triple- 
stranded structure. Preferably, the predetermined 
region of the double-stranded molecule contains or 
is adjacent to the defective or essential portion 
of a target gene, such as the site of a mutation 

35 causing a genetic defect, a site causing oncogene 
activation, or a site causing the inhibition or 
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inactivation of an oncogene suppressor* Most 
preferably, the gene is a human gene. 

Preferably, the oligonucleotide is a single- 
stranded DNA molecule between 7 and 40 nucleotides 
5 in length, most preferably 10 to 20 nucleotides in 
length for in vitro mutagenesis and 20 to 30 
nucleotides in length for in vivo mutagenesis* The 
base composition is preferably homopurine or 
homopyrimidine . Alternatively, the base 

10 composition is polypurine or polypyrimidine. 

However, other compositions are also useful. The 
preferred conditions under which a triple-stranded 
structure will form and the desired nucleotide 
composition of the third strand are well known to 

15 those skilled in the art. (See for example, Moser 
and Dervan, Science 238:645 (1987) ; Praseuth et 
al., Proc. Natl. Acad. Sci. USA 85:1349 (1988); 
Mergny et al., Biochemistry 30:9791 (1991); Beal 
and Dervan, Science 251:1360 (1991); Mergny et al., 

20 Biochemistry 30:9791 (1991) and Beal and Dervan, 
Nuc. Acids Res. 11:2773 (1992), which are 
incorporated by reference herein.) 

Preferably, the mutagenic oligonucleotide 
hybridizes to the target nucleic acid molecule 

25 under conditions of high stringency and 

specificity. Most preferably, the oligonucleotide 
binds in a sequence-specific manner in the major 
groove of duplex DNA. Reaction conditions for in 
vitro triple helix formation of an oligonucleotide 

30 probe or primer to a nucleic acid sequence vary 

from oligonucleotide to oligonucleotide, depending 
on factors such as oligonucleotide length, the 
number of G;C and A:T base pairs, and the 
composition of the buffer utilized in the 

35 hybridization reaction. A mutagenic 

oligonucleotide substantially complementary, based 
on the third strand binding code, to the target 
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region of the double-stranded nucleic acid molecul 
is preferred. 

A useful measure of triple helix formation is 
the equilibrium dissociation constant , Kj, of the 
triplex, which can be estimated as the 
concentration of mutagenic oligonucleotide at which 
triplex formation is half-maximal. Preferably, the 
oligonucleotide has a binding affinity for the 
target sequence in the range of physiologic 
interactions. The preferred mutagenic 
oligonucleotide has a Kj less than or equal to 
approximately 8 X 1CT 7 M. Most preferably, the is 
less than or equal to 8 X 10" 9 M in order to achieve 
significant intracellular interactions. 
Mutagen 

The oligonucleotide is chemically modified to 
include a mutagen at either the 5' end, 3 9 end, or 
internal portion so that the mutagen is proximal to 
the site in the gene requiring modification* 
Preferably, the mutagen is incorporated into the 
oligonucleotide during nucleotide synthesis. For 
example, commercially available compounds such as 
psoralen C2 phosphoramidite (Glen Research,, 
Sterling, VA) are inserted into a specific location 
within an oligonucleotide sequence in accordance 
with the methods of Takasugi et al., Proc. Natl. 
Acad. Sci. U.S.A. 88:5602-5606 (1991), Gia et al., 
Biochemistry 31:11818-11822 (1992), Giovannangeli 
et al., Nucleic Acids Res. 20:4275-4281 (1992) and 
Giovannangeli et al., Proc. Natl. Acad. Sci. U.S.A. 
89:8631-8635 (1992), all of which are incorporated 
by reference herein. 

The mutagen may also be attached to the 
oligonucleotide by a covaleht bond. For example, 
the mutagen is attached to the oligonucleotide by a 
linker, such as sulf o-ro-maleimidobenzoly-N- 
hydroxysuccinimide ester (sulfo-MBS, Pierce 
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Chemical Co., Rockford, IL) in accordance with the 
to thods of Liu et al., Biochem. 18:690-697 (1979) 
and Kitagawa and Ailawa, *7. Biochem. 79:233-236 
(1976), both of which are incorporated by reference 
herein. Alternatively, the mutagen is attached to 
the oligonucleotide by photoactivation, which 
causes the mutagen, such as psoralen, to bind to 
the oligonucleotide. 

The mutagen can be any chemical capable of 
causing a mutation at the desired site of the 
double-stranded DNA molecule. Preferably the 
mutation restores the normal, functional sequence 
of the gene, inactivates an oncogene or activates 
an oncogene suppressor, or alters the function or 
inactivates a viral gene. 

The chemical mutagen can either cause the 
mutation spontaneously or subsequent to activation 
of the mutagen, such as, for example, by exposure 
to light. 

Preferred mutagens include psoralen, which 
requires activation by UVA irradiation, acridine 
orange, which can be activated by UVA irradiation 
and can be effective in the absence of light, and 
alkylating agents, cis-platinum analogs, 
hematoporphyrins and hematoporphyrin derivatives, 
mitomycin C, radionuclides such as ,25 I, 35 S and 32 P, 
and molecules that interact with radiation to 
become mutagenic, such as boron that interacts with 
neutron capture and iodine that interacts with 
auger electrons. In particular, acridine orange 
can be used to cause a frame shift mutation, useful 
for gene inactivation. 

If necessary for activation of the mutagen, 
light can be delivered to cells on the surface of 
the body, such as skin cells, by exposure of the 
area requiring treatment to a conventional light 
source. Light can be delivered to cells within the 
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body by fiber optics or laser by methods known to 
those skilled in the art. Targeted fluorogens that 
provide suffici nt light to activate the light- 
activated mutagens can also provide a useful light 
source . 

flethod of Administration 

Preferably, the mutagenic oligonucleotides are 
dissolved in a physiologically-acceptable carrier, 
such as an aqueous solution or are incorporated 
within liposomes, and the carrier or liposomes are 
injected into the organism undergoing genetic 
manipulation, such as an animal requiring gene 
therapy or anti-viral therapeutics. The preferred 
route of injection in mammals is intravenous. It 
will be understood by those skilled in the art that 
oligonucleotides are taken up by cells and tissues 
in animals such as mice without special delivery 
methods, vehicles or solutions. 

For in vitro research studies, a solution 
containing the mutagenic oligonucleotides is added 
directly to a solution containing the DNA molecules 
of interest in accordance with methods well known 
to those skilled in the art and described in more 
detail in the examples below. In vivo research 
studies are conducted by transfecting cells with 
plasmid DNA and incubating the mutagenic 
oligonucleotides in a solution such as growth 
medium with the transfected cells for a sufficient 
amount of time for entry of the oligomers into the 
cells and for triplex formation. The transfected 
cells may be in suspension or a monolayer attached 
to a solid phase, or may be cells within a tissue 
wherein the oligonucleotide is in the extracellular 
fluid. The cells are then irradiated to activate 
the psoralen to form photoadducts and consequently 
mutations at the targeted site. 
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Methods of Use 

If the target gene contains a mutation that is 
the cause of a genetic disorder, then the mutagenic 
oligonucleotide is useful for mutagenic repair that 
may restore the DNA sequence of the target gene to 
normal. For example, the mutagenic oligonucleotide 
may be useful for mutagenic repair of a defective 
gene such as the human B-hemoglobin gene in sickle 
cell anemia, thalassemia and other 
hemoglobinopathies. If the target gene is an 
oncogene causing unregulated proliferation, such as 
in a cancer cell, then the mutagenic 
oligonucleotide is useful for causing a mutation 
that inactivates the gene and terminates or reduces 
the uncontrolled proliferation of the cell. The 
mutagenic oligonucleotide is also a useful anti- 
cancer agent for activating a repressor gene that 
has lost its ability to repress proliferation. 
Furthermore, the mutagenic oligonucleotide is 
useful as an antiviral agent when the 
oligonucleotide is specific for a portion of a 
viral genome necessary for proper proliferation or 
function of the virus. 

The mutagenic triplex-forming oligonucleotide 
can also be used as a molecular biology research 
tool to cause site-directed mutagenesis in any gene 
for the study of mechanisms such as, for example, 
DNA repair. The oligonucleotide may also be used 
to study DNA repair by delivering an adduct to the 
DNA and studying how the adduct is processed into a 
mutation under various experimental conditions. 

The mutagenic triplex-forming oligonucleotides 
will be further understood in view of the following 
non-limiting examples. 
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Example 1: Site-specif ic. Targeted Mutagenesis of 

the supT gene of the Lambda Phage Genome 

A triplex-forming oligonucleotide linked to 

psoralen at its 5' end was used to achieve site- 

5 specific, targeted mutagenesis in a specific gene 

in an intact, double-stranded lambda phage genome. 

Psoralen-linked oligonucleotides were obtained from 

either Oligos Etc. (Wilsonville, OR) or M. Talmor 

(Yale University, New Haven, CT) with materials 

10 from Glen Research (Sterling, VA) . The psoralen 
was incorporated in the oligonucleotide synthesis 
as a psoralen phosphoramidite in accordance with 
the instructions provided by supplier. 

As shown schematically in Figure 3, site- 

15 specific triplex formation was designed to deliver 
the psoralen to the targeted site in the lambda 
DNA, and UVA irradiation was used to activate the 
psoralen to form adducts and thereby induce 
mutations at that site. Sequence analysis of 

20 mutations in the target gene showed that almost all 
were in the targeted region, and 56% were found to 
be the same T:A to A:T transversion at the targeted 
base pair. The ratio of targeted to non-targeted 
mutagenesis was estimated by simultaneous analysis 

25 of mutagenesis in a non-targeted gene within the 
lambda genome, along with analysis of mutagenesis 
induced by a non-triplex forming (but psoralen 
linked) oligonucleotide. It was found that 
targeted mutations were produced at a frequency at 

30 least 500-fold greater than that of non-targeted 
mutations. 

The target gene chosen was supF r an E. coli 
amber suppressor tyrosine tRNA gene, contained 
within the genome of a lambda phage vector, lambda 
35 supF as shown in Fig. 1. A 10 base homopurine 

oligonucleotide AGIO (5' AGGAAGGGGG 3') capable of 
forming a triple strand at positions 167-176 in the 
pupF gene was identified. The ability of AGIO to 
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bind to the supF gene was demonstrated using 32 P- 
labeled AGIO in an in vitro binding reaction with a 
250 bp fragment containing the entire supF gene. 
To demonstrate targeted, site-specific triplex 
5 formation as a prelude to mutagenesis studies, 

binding assays were carried out for 2 hours at 37 
degrees in 10% sucrose, 20 mM MgCl 2/ 10 mM Tris (pH 
8.0), and 1 mM spermidine in a 10 /xl volume. The 
250 bp supF target was generated from lambda supF 

10 using the polymerase chain reaction. Each oligo 
(200 ng) was labelled with 50 /iCi of gamma - 32 P-ATP 
(Amersham, Arlington Heights, IL) and separated 
from unreacted gamma 32 P-ATP by passage through a G- 
25 spin column (Boehringer Mannheim, Indianapolis, 

15 IN) . The concentration of oligomer in the reaction 
mixture was 6 x 10** M and the oligomer: supF ratio 
was approximately 1:1 on a molar basis. When 
present, competitors were used at 200-fold molar 
excess . 

20 Following the 2 hour binding step, reaction 

mixtures were run on a 4% acrylamide gel in 90 mM 
Tris base, 90 mM boric acid, 20 mM MgCl 2 with a 20% 
acrylamide plug. A 100 bp ladder (BRL, Bethesda, 
MD) was end-labelled as described for oligomers and 

25 run on gels as a size reference. Following a 4 

hour run at constant voltage (150 V) , the gel was 
visualized by autoradiography for 1 hour using 
Kodak X-AR film. The electrophoretic gel showed 
binding of the triplex forming oligonucleotide 

30 "AGIO" to the supF gene target. To assay for 

triplex formation, 32 P-labelled oligonucleotides, 
either AGIO ( 5 'AGGAAGGGGG 3V> or the reverse sequence 
oligomer (GA10) , were incubated with a 240 bp 
double-stranded fragment containing the entire supF 

35 gene. The products of the binding reactions were 
visualized by polyacrylamide gel electrophoresis 
and autoradiography. 
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In the electrophoretic gel, binding of labelled 
AGIO to the added supF DNA (lane 2) was 
demonstrated by the new band migrating at the 
position appropriate to the 250 bp supF fragment. 
5 When no supF target DNA was present, there was no 
band observed at this position (lane 1). Excess 
unlabelled AGIO competed with the 32 P-labelled AGIO 
(lane 3), whereas an excess of the reverse sequence 
oligomer (GA10, 5' GGGGGAAGGA 3') did not compete 

10 with AGIO (lane 4). In lanes 5-8, no binding of 

the 32 P-labelled GA10 to supF was detected: (lane 5) 
GA10 alone without supF ; (lane 6) GA10 plus supF ; 
(lane 7) GA10 plus supF with excess unlabelled 
GA10; (lane 8) GA10 plus supF with excess AGIO. 

15 The reverse sequence oligomer, GA10, failed to 

bind to supF or to compete with AGIO for binding. 
AGIO linked to 4'hydroxymethyl-4, 5' ,8- 
trimethylpsoralen via a 2 carbon linker arm (pso- 
AG10) formed a covalent bond to labeled duplex supF 

20 DNA following UVA irradiation, whereas the reverse 
oligomer (pso-GAlO) did not. 

Targeted mutagenesis was achieved by incubating 
pso-AGlO with lambda supF DNA in vitro to form 
triplex at positions 167 to 176 of the supF gene 

25 and bring the tethered psoralen into proximity with 
the targeted base pair at position 167 as shown in 
Table 1. The numbers in the table represent the 
frequency of mutations seen in either the supF gene 
or the cl gene in the lambda supF genome following 

30 the indicated treatment. The lambda DNA at 3 nM 
was incubated with or without a 1000-fold molar 
excess of the indicated oligonucleotides (3 fM) . 

UVA (365 nm) irradiation of selected samples was 
performed at a dose of 1.8 J/cm 2 . A radiometer was 

35 used to measure lamp output (typical UVA irradiance 
of 5-7 mW/cm 2 at 320-400 nm) . The DNA was packaged 
in vitro into phage particles, using the method of 
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Hohn, Methods in Enzymology 68:299-309 (1979), and 
the phage particles wer adsorbed to E. coli and 
grown as individual plaques to allow genetic 
analyses of the supF and cl genes. AGIO bound 
specifically to the supF gene, whereas the reverse 
sequence GA10 did not bind. 

CT8 (row 3), complementary to the 3' eight 
nucleotides of AGIO , was preincubated with 
psoralen-AGlO for 30 min at a 1:1 ratio to form 
duplex DNA and partially inhibit the ability to 
psoralen-AGlO to form triplex at the targeted site 
in the supF gene. 

Photoactivation of the psoralen generated a DNA 
adduct, and in vitro packaging of the psoralen- 
AGlO-lambda supF DNA complex allowed growth of the 
phage in bacteria to fix the adduct into a 
mutation. The phage particles were grown as 
individual plaques on a bacterial lawn to detect 
targeted mutagenesis in the supF gene and to 
measure the extent of non-targeted mutagenesis by 
screening for the function of an unrelated gene, 
the lambda repressor (c£) gene. Mutations in these 
genes yield colorless plaques among blue ones and 
clear plaques among turbid ones, respectively. 

Pso-AGIO plus UVA treatment of the lambda DNA 
resulted in a mutation frequency of 0.233% in supF 
but approximately 100-fold less, 0.0024%, in cl. 
The specificity of the targeted mutagenesis is most 
likely even greater than this 100-fold difference, 
perhaps as much as 500-fold, considering that cl 
(765 bp) is a bigger target for mutagenesis than 
supF (184 bp) and the percentage of base pairs in 
the two genes at which mutations are detectable was 
similar. This difference in target size was 
demonstrated by the 5-fold difference in supF 
versus cl mutants induced by the reverse oligomer, 
pso-GAlO. In addition, the reverse oligomer gave a 
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582 -fold lower frequency of supF mutations 
(0.0004%) than did pso-AGlO, but yielded a similar 
frequency of cl mutations. In fact, mutagenesis by 
the reverse oligomer was barely above background 
5 (untreated lambda DNA) . 

To partially inhibit formation of the triplex, 
an 8 base oligomer (CT8) complementary to 8 of the 
10 bases of AGIO (5' CCCCCTTC 3') was preincubated 
at a 1:1 ratio with pso-AGlO to form a double- 

10 stranded complex. When this pre-formed complex was 
incubated with lambda supF and irradiated with UVA, 
it yielded only 0.016% supF mutations, 15-fold less 
than with psoralen-AGlO alone. No significant 
mutagenesis was produced by UVA alone (1.8 J/cm 2 ) in 

15 the absence of the pso-AGlO or by pso-AGlO without 
UVA, demonstrating the importance of activation of 
the psoralen by UVA and showing that triplex 
formation, by itself, was not mutagenic. This data 
provided genetic evidence for the targeted 

20 mutagenesis of the supF gene by pso-AGlO. 
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Example 2: Sequence Analysi s of Mutants Obtained 

by Targeted Mutagenesis Usin g the Triplex-Forming 
Oligonucleotide 

To obtain direct evidenc for targeted 

5 mutagenesis, a series of independent mutants 

produced in the supF gene of the lambda vector by 

pso-AGlO and UVA were sequenced. The sequences of 

25 such mutants are presented in Fig. 2a. All 

except one of the 25 mutations produced by pso-AGlO 

10 is at or near the targeted T:A base pair at 

position 167. 56% of the mutations consist of the 
same T: A to A:T transversion precisely at the 
targeted base pair (#167) , demonstrating the 
specificity and reproducibility of the targeting by 

15 pso-AGlO. The A:T base pair at 167 forms a triplet 
with the 5' adenine to which the psoralen is 
tethered in AGIO, and so it is the closest base 
pair to the psoralen. The overwhelming 
predominance of the T: A to A:T transversion at this 

20 site is consistent with the mutagenic action of 
psoralen, which tends to form adducts at 
pyrimidines, and especially at thymidines. It 
should be noted that these mutations arje 
independent and none of the mutations represent 

25 siblings because each packaged lambda particle 
gives rise to a single, separate lambda plaque on 
the bacterial lawn. 

Mutations were found to be induced in the supF 
gene by free 8-methoxypsoralen and UVA in other 

30 experimental systems employing shuttle vectors, as 
described by Glazer et al., Proc. Natl. Acad. Sci. 
USA 83:1041 (1986) and Bredberg and Nachmansson, 
Carcinogenesis 8:1923 (1987), which are 
incorporated by reference herein. This compiled 

35 data demonstrates that free psoralen can form 
adducts and induce mutations at many different 
sites in supF apart from base pair 167. The 
scattered distribution of mutations is in contrast 
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with the specific mutagenesis induced by the 
triplex-forming pso-AGlO. Although sev ral of the 
mutations list d in Fig. 2b fall in the region of 
the homopurine/homopyrimidine run at positions 167 
to 176, none of them occur at position 167. 
Neither of the two mutations induced by the reverse 
oligomer, pso-GAlO, were found to occur at base 
pair 167. 

The spectrum of the mutations produced by pso- 
AG10 indicates that almost all were targeted by the 
triplex-forming oligonucleotide. Although a 
majority of the mutations were at the targeted 
position 167 and consisted of the same T:A to A:T 
transversion, several mutations were at base pairs 
nearby to position 167. It is possible that the 
psoralen moiety, tethered to AGIO on a 2 carbon 
linker arm, may occasionally reach beyond the T:A 
base pair at 167 to form adducts at nearby 
pyrimidines, giving rise to mutations. It is also 
possible that even if an adduct is formed at 
position 167, the bacterial polymerase and repair 
enzymes that fix the adduct into a mutation may 
generate mutations at nearby sites during repair 
and replication while at the same time repairing or 
bypassing the adduct at 167. The occurrence of 
several mutations that involve base changes at two 
adjacent base pairs (166 and 167 in all 3 
instances) supports the notion that an adduct at 
position 167 can cause a change at a nearby 
position. The rare non-specific mutagenesis by 
pso-AGlO (and the very small amount of mutagenesis 
by pso-GAlO that is above background) may result 
from the potential ability of the psoralen 
molecule, in spite of being tethered to the 
oligonucleotide, to intercalate into and form 
adducts at random sites in the DNA. A reduction of 
this non-specific activity may be achieved by 
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reducing the reach and the degrees of freedom of 
the psoralen by attaching it to th triplex-forming 
oligonucleotide by a shorter tether , such as a n 
carbon linker arm, or by direct linkage of the 
5 psoralen to the nucleotide in the trip lex- forming 
oligonucleotide by direct photoactivation of free 
psoralen to bind to the oligonucleotide, and the 
pur if ication of the desired product. 

This experiment achieved a targeted mutation 
10 frequency of 0.233%. 

Example 3; Covalent Linkage of Psoralen to an 

Oligonucleotide . 

The mutagen, 5-aminomethyl-8-methoxypsoralen, 

was covalent ly linked to an oligonucleotide. 

5 5-aminomethyl-8-methoxypsoralen (5am8mop, HRI 

Associates, Emeryville, CA) was mixed with the 

linker , sulf o-ra-maleimidobenzoy 1-N- 

hydroxysuccinimide ester (sulfo-MBS, Pierce 

Chemical Co., Rockville, IL) in 0.05 M phosphate 

10 buffer, pH 8, with a 5am8mop to sulfo-MBS molar 
ratio of 1:40. The mixture was stirred at room 
temperature for 30 minutes while protected from 
light in accordance with the methods of Liu et al., 
Biochem. 18:690-697 (1979) and Kitagawa and Ailawa, 

15 J . Biochem. 79:233-236 (1976), and the instructions 
of the Pierce Immunotechnology Catalog and 
Handbook, 1992-93 edition, pages A16-A17. The 
initial run was made using 1 ml total volume and 1 
mM 5am8mop, with the reaction scaled up and 

20 optimized as needed. 

The modified 5am8mop was purified by HPLC using 
a modification of standard conditions used in the 
analysis of 8-methoxypsoralen as described by 
Gasparro et al., *7. Invest. Derm. 90:234-236 

25 (1988) . The initial conditions were: a Regis 
Rexchrom™ phenyl 15 cm HPLC column running a 
gradient between acetonitrile and either water or 
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0.05 M, pH 4.5 ammonium acetat buff r. A linear 
gradient was run from 10% acetonitrile to 60% 
acetonitrile over 50 minutes. When buffer was 
needed in the initial purification run, the sample 
was collected off the HPLC, evaporated, and 
desalted by passing it through the HPLC again with 
an acetonitrile: water gradient mixture. The 
detector was a SpectraFocus™ scanning UV detector 
with wavelengths from 220 to 360 sampled. The 
detector was connected to a Pharmacia Frac-100™ 
fraction collector. 

The purified, modified 5 am 8 mop was then reacted 
with an oligonucleotide containing an -SH tether by 
mixing eguimolar amounts of modified 5am8mop with 
the oligonucleotide in 0.05 M phosphate buffer, pH 
7-7.5 at room temperature for three hours while 
protected from light. 

The oligonucleotide tethered to 5am8mop was then 
purified by HPLC using a modification of the method 
of Gasparro et al., Antisense Res. Dev. 1:117-140 
(1991) . A Nest Group MRPH 10 cm HPLC column 
running a linear gradient of 5% to 20% acetonitrile 
over 40 minutes between acetonitrile and 0.2 M pH 
5.9 triethylammonium acetate buffer was used. 

Example 4: Targeted Mutagenesis of SV40 DNA Using 
Triple Helix-Forming Oligonucleotides. 

The following was performed to investigate 
targeted mutagenesis of SV40 DNA transfected into 
monkey cells. In these experiments, the site- 
specific triplex formation was designed to deliver 
the psoralen to the targeted site in the SV40 DNA, 
UVA irradiation was used to activate the psoralen 
to form adducts at that site, and repair and 
replication of the viral genomes in the monkey 
cells fix the adducts into mutations. These 
results demonstrate that targeted mutagenesis 
occurs even more efficiently in mammalian cells (6% 
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of SV40 genomes incurred targeted mutations) than 
in bacteria (0.2%) • 
MATERIALS AND METHODS 

Oligonucleotides and vectors. Psoralen- linked 
oligonucleotides were obtained from either Oligos 
Etc* (Wilsonville, OR) or M. Talmor (Yale 
University, New Haven, CT) with materials from Glen 
Research (Sterling, VA) • The psoralen is 
incorporated in the oligonucleotide synthesis as a 
psoralen phosphoramidite, resulting in an 
oligonucleotide linked at its 5' end via a two 
carbon linker arm to 4 ' -hydroxymethyl-4 , 5 ' ,8- 
trimethylpsoralen, as illustrated in Fig. 3. The 
sequences of oligonucleotides used in this study 
include AGIO ( 5 ' AGGAAGGGGG3 ' ) and GA10 
( 5 ' GGGGGAAGGA3 ' ) . SV40 shuttle vector pSP189 was 
constructed by and obtained from Dr. Michael 
Seidman (Otsuka Pharmaceuticals, Bethesda, MD) . 
Triplex binding assays. Binding assays were 
carried out for 2 hours at 37 °C in 10% sucrose, 20 
mM MgCl 2 , 10 mM Tris (pH 8.0), and 1 mM spermidine 
in a 10 Ml volume. The 250 bp supF target was 
generated from lambda supF using the polymerase 
chain reaction. 

Protection assay using PGR amplified supF target. 

The 250 bp supF target (70 nM) was incubated with 
a 100-fold molar excess of psoralen-AGlO as 
described for the binding assay. Irradiation of 
samples was performed at a dose of 1.8 J/cm 2 . A 
radiometer was used to measure the lamp output 
(typical UVA irradiance of 5-7 mW/cm 2 at 320-400 
nm) . Following the binding and irradiation steps, 
samples were digested for 2 hours at 37 °C with Hinf 
I. Loading buffer was added and samples were 
heated 10 minutes at 55 °C, and run for 1 hour on a 
4.5% Nusieve gel in TAE buffer at 80 v (10 v/cm) . 
An analysis by agarose gel electroph resis f Hinf 
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I digestions of the 250 bp supF gene PCR fragment 
under various conditions was performed. A faint 
band corresponding to a size of 150 kDa was present 
in Lane 1, which contained no psoralen-AGlO and no 
UVA; a band corresponding to a size of 150 kDa was 
present in lane 2, containing UVA alone (no 
psoralen-AGlO) ; a band corresponding to a size of 
150 kDa was present in lane 3, psoralen-AGlO and 
UVA; a band corresponding to a size of 150 kDa was 
present in lane 4, psoralen-AGlO alone (no UVA); a 
band corresponding to a size of approximately 300 
kDa was present in lane 5, undigested supF PCR 
fragment; lane 6 contained the size markers (100 bp 
ladder) and bands were present at 100, 200 and 300 
kDa. 

Protection assay using SV40 vector DNA target. 

The binding and irradiation were carried out as 
described above, except that pSP189 was used as the 
supF target at a concentration of 50 nM and 
psoralen-AGlO was added at ratios of oligomer to 
vector of from 1:1 to 1000:1. Irradiation and gel 
conditions were as described above. 
Colony hybridization. Ampicillin resistant 
colonies of SY204 carrying shuttle vector plasmids 
with supF gene mutations, along with appropriate 
control colonies, were grown on LB/ampicillin 
plates and transferred onto replica nylon filters 
for additional growth and in situ lysis to allow 
colony hybridization by standard methods. The DNA 
was fixed to the filters by UV cross linking, and 
the filters were incubated in 6X SSC, 5X Denhardt's 
solution, 0.5% SDS, and 5 x 10 5 cpm/ml of 32 P- 
labeled oligonucleotides at 42 °C for 18 hours. The 
filters were washed in IX SSC and 0.1% SDS for 30 
minutes at 25°C and then in IX SSC and 0.1% SDS at 
42 °C for 2 hours. These conditions were 
empirically determined to all w discrimination 
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between binding of the wild type probe (5' GGT TCG 
AAT CCT TCC CCC 3') and the 167 mutant probe (5' 
GGT TCG AAA cct TCC ccc 3'). Binding of the 
oligonucleotide probes was determined by 
5 aut or ad iogr aphy . 

SV40 mutagenesis. The SV40 vector DNA (pSP189) at 
80 nM was incubated with psoralen-AGlO or psoralen- 
GA10 (ranging from 2 to 1000-fold molar excess) and 
irradiated as described above. The 

10 oligonucleotide-plasmid complex was then 

transfected into monkey COS-7 cells (ATCC #1651- 
CRL) using cationic liposomes (DOTAP, Boehringer 
Mannheim, Indianapolis, IN) at a final 
concentration of 5 ng/ml in the culture dish. The 

15 DNA/oligo/liposome mixture was added dropwise to 

the cell culture dish with swirling. The following 
day, the media containing the liposome mixture was 
replaced by fresh media. Following 48 hours to 
allow repair and replication, SV40 vector DNA was 

20 harvested from the COS cells by the Hirt lysate 

procedure. Genetic analysis of the supF genes in 
the SV40 vector was carried out by transformation 
of E. coli SY204 [2acZi25(Am) ] to ampicillin 
resistance by electroporation using 12-150 ng of 

25 Dpn I digested Hirt lysate DNA and a Bio-Rad Gene 
Pulser apparatus equipped with a Pulse Controller 
(Bio-Rad, Richmond, CA) . Mutants were identified 
by growth in the presence of 65 /xg/ml IPTG and 80 
/xg/ml X-Gal, as described by (Glazer et al., Mol. 

30 Cell Biol. 7:218-224 (1987)). These transf ormants 
were counted and the mutants (white colonies) were 
streaked for single colonies. 

DNA sequencing. DNA was prepared for sequencing by 
isolating DNA from a 3 ml bacterial culture using a 
35 Promega Magic Miniprep kit (Promega, Madison, WI) . 
DNA sequence data was obtained by direct chain 
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termination sequencing of the plasmid DNA using 

automated methods. 

RESULTS 

Strategy for targeted mutagenesis in SV40. An 
SV40-based shuttle vector (pS189) was used to assay 
for targeted mutagenesis. This vector contains both 
the SV40 and the pBR328 origins of replication, 
plus the /^-lactamase gene for ampicillin 
resistance, to allow episomal replication in both 
mammalian cells and bacteria (Fig. 3). It also 
carries the supF gene, an amber suppressor tyrosine 
tRNA gene of E. coli , as a marker gene for 
mutagenesis studies . 

In this vector system, the SV40 DNA, after 
appropriate treatment, is introduced into monkey 
COS cells where repair and replication can occur, 
producing mutations indicative of mammalian 
processing of DNA damage. The small, circular 
vector DNA is recovered from the cells by 
biochemical separation from the chromosomal DNA 
(Hirt lysate, Hirt et al., J. Mol. Biol. 26:365-369 
(1967)), and it is used to transform E. coli 
carrying the lacZ (amber) mutation to allow 
analysis of supF gene function by scoring colonies 
for jS-galactosidase activity (produced via 
suppression of the amber mutation in lacZ) in the 
presence of the chromogenic substrate, X-gal. 
Vectors with wild type supF genes yield blue 
colonies; those with mutations in supF produce 
white ones. In order to eliminate misleading data 
that might arise from viral DNA that was not 
replicated or repaired in the mammalian cells, the 
viral DNA is digested before bacterial 
transformation with the enzyme Dpn I which will 
restrict DNA that has not been methylated by the 
mammalian pattern at its recognition site. 
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The design of the initial experiments to target 
mutations to SV40 DNA is illustrated in Fig. 3. A 
10 base pair region of the supF gene (bp 167-176) 
was identified as a site amenable to triplex 
formation because of the homopurine/homopyrimidine 
run there. Since this run was G-rich, the purine 
motif for triplex formation was selected (Beal and 
Dervan, Science 251:1360-1363 (1991)), and an 
oligonucleotide, 5 ' AGGAAGGGGG3 ' (AGIO) was 
synthesized based on this motif. A psoralen 
derivative, 4 ' -hydroxymethyl-4 , 5 ' , 8- 
trimethylpsoralen, was attached to the 
oligonucleotide by a phosphodiester linkage at the 
5' adenine via a two carbon linker arm, with the 
goal of directing mutations to base pair 167. This 
is the base pair with which that 5' adenine binds 
in the predicted triple helix. Note that the 
psoralen-AGlO oligonucleotide is oriented anti- 
parallel to the purine-rich strand in the duplex 
DNA. To achieve targeted mutagenesis, the pSP189 
DNA is incubated with the psoralen-linked 
oligonucleotide (psoralen-AGlO) , treated with long 
wave ultraviolet light (UVA) to activate the 
psoralen to form a pre-mutagenic adduct on the 
thymidine in base pair 167, and then transfected 
into COS-7 cells. After a 48 hour period to allow 
repair and replication, the viral DNA is isolated 
from the monkey cells, subjected to digestion with 
Dpn I, and used to transform E. coli . The 
frequency of supF mutations is determined, and 
representative samples of supF mutant clones are 
collected for further analysis. 
Site-specific formation of triplex DNA. This 
experiment demonstrate the ability of psoralen-AGlO 
to bind specifically to the intended site within 
the supF gene using a restriction enzyme protection 
assay. In this assay, psoralen-AGlO was found to 
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bind site-specifically to duplex supF DNA following 
UVA irradiation, blocking restriction enzyme 
digestion at the one Hint I site (bp 164-168) that 
overlaps the triplex target site (167-176) but not 
at the other Hinf I site in supF (bp 129-133) . 
This is diagrammed in Fig. 4 and was demonstrated 
by the electrophoretic gel (not shown) which showed 
site-specific formation of triplex DNA in the SV40 
vector as a function of the ratio of 
oligonucleotide to SV40 DNA. The SV40 vector 
containing the supF target gene (50 nM) was 
incubated with psoralen-AGlO at ratios of oligomer 
to vector of from 1:1 to 1000:1, irradiated with 
1.8 J/cm 2 of UVA, digested with Hinf I, and run on a 
4.5% Nusieve gel. Lane l, undigested plasmid DNA; 
lane 2, no psoralen-AGlO prior to digestion; lanes 
3-7, increasing ratios of psoralen-A610/SV40 DNA as 
indicated above each lane; lane 8, 100 bp size 
markers (BRL-Gibco) . Because the sequences 
flanking the supF gene in the SV40 DNA differ from 
those in the PCR fragment presented in the gel 
described above and since there are multiple Hinf I 
sites in SV40, the pattern of bands is more complex 
than those in the gel described above. However, 
this gel indicates the position of the fragment 
resulting from shielding of the Hinf I site at bp 
164-168 by triplex formation with a band between 
size markers 100 and 200. 

Digestion of the unprotected 250 bp supF PCR 
fragment with Hinf I yields three fragments of 
sizes 150, 65, and 35 (lane 1), in contrast with 
the uncut fragment of 250 bp (lane 6) . Incubation 
of the supF fragment with psoralen-AGlO along with 
photoactivation with UVA (lane 3) results in 
protection of the Hinf I site at bp 164-168 but not 
the one at bp 129-133, as demonstrated by the 
appearance of the 100 bp fragment instead of the 65 
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bp and 35 bp fragments. UVA- induced covalent 
adduct formation is required for restriction enzym 
protection, since psoralen-AGlo alone is not 
sufficient to prevent Hint I digestion (lane 4). In 
5 the absence of psoralen-AGlO, UVA light had no 
effect on Hinf I digestion (lane 2) . In similar 
experiments , no protection from Hint I cutting was 
seen using psoralen-GAlQ, the reverse sequence 
oligomer linked to psoralen. This data 
10 demonstrates site-specific formation of triplex DNA 
by psoralen-AGlO, with covalent modification of the 
supF gene fragment occurring at the targeted site 
following UVA irradiation of the psoralen-AGlO/supF 
complex, 

15 Similar experiments were performed to assay for 

site-specific binding of psoralen-AGlO to bp 167- 
176 in the supF gene within the SV40 vector itself. 
In these experiments, varying ratios of 
oligonucleotide to vector DNA were employed in 

20 order to examine basic parameters of the triplex 
binding to the viral genome. The above described 
gel indicates that fTinf I protection at the 
targeted site is almost complete at a 10:1 ratio of 
oligonucleotide to vector, as judged by the 

25 appearance in the ethidium bromide stained agarose 
gel of a band at 125 bp (arrow) and the 
disappearance of the band at 90 bp. Ratios of 
100:1 and 1000:1 similarly yielded near complete 
protection, whereas the lower ratios of 1:1 and 2:1 

30 gave only partial protection. These results are 
consistent with the mutagenesis experiments, 
described below. 

Targeted mutagenesis of SV40 vector DNA passaged 
in COS cells. Experiments to induce targeted 

35 mutagenesis in SV40-vector DNA using triplex- 
forming oligonucleotides were carried out as shown 
in Fig. 3. Psoralen-linked oligonucleotides were 
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incubated with SV40 vector DNA, exposed to 1.8 J/m 2 
UVA light, and transfected into COS cells. After 
two days to allow repair and replication to occur, 
the vector DNA was rescued from the cells and used 
to transform bacteria to facilitate genetic 
analysis of the supF gene. The effect of psoralen- 
AGIO, which binds site-specifically to the supF 
gene in the vector, in inducing supF mutations was 
compared to that of psoralen-GAlO, which shows no 
specific binding. Various ratios of 
oligonucleotide to vector DNA were used in order to 
investigate parameters that might affect the 
specificity and the efficiency of the process of 
targeted mutagenesis in the monkey cells. Table 2 
presents the data from the^e experiments. Targeted 
mutations in the supF gene were produced in the 
SV40 genome at a frequency *s high as 7.3 % using 
psoralen-AGlO at a molar ratio of oligonucleotide 
to vector DNA of 1000 to l. At this same ratio, 
psoralen-GAlO produced a sr.all amount of 
mutagenesis above background (0.5% versus 0.07%). 
At the lower ratios tested, however, the reverse 
oligomer yielded no significant mutagenesis above 
the background frequency in the assay, whereas, at 
these lower ratios, psoral . .i-AGlO still generated a 
high frequency of mutations in supF (as high as 
6.4% for the 10:1 ratio ve, ous 0.06% for psoralen- 
GA10 at 10:1 and 0.07% for untreated vector DNA). 
This demonstrates mutageneses specifically targeted 
to the sut>F gene in the sv«; ) vector by psoralen- 
AG10 but not by psoralen-GA 0. This frequency of 
targeted mutagenesis in SV**j, in the range of 6% to 
7%, is 30-fold higher than that seen in previous 
experiments to target the ^ y&F gene in 
bacteriophage lambda grown in E. coli (0.23 %, 
Havre et al., Proc. Natl. . :ad . Sci. 90:7879-7883 
(1993)), and it suggests tn t the monkey cells more 
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efficiently process the pra-mutagenic lesion of the 
psoralen/oligonucleotide a Iduct into a mutation, 
via either error-prone rep .ir or bypass 
replication ♦ 
5 In control experiments , Table 2), UVA 

irradiation of the SV40 DK\, in the absence of the 
psoralen-linked oligonucleotides, produced no 
mutagenesis above backgrou id. Similarly, the 
treatment of the SV40 DNA vith the oligomers but 

10 without UVA irradiation wa ~ not mutagenic. 

Sequence analysis of ta geted mutations. A set 
of 20 mutants generated in the supF gene in the 
SV40 vector by psoralen-AC 0 (at the 1000:1 ratio) 
and UVA light were subjected to DNA sequence 

15 analysis. The results of t^is analysis are shown in 
Fig. 5A. Of the 20 mutati ns analyzed, 11 consist 
of the same T: A to A:T tra aversion at base pair 
167 occurring over and ove again. This is the 
precise base pair to which the mutations were 

20 targeted by psoralen-AGlO, as diagrammed in Figs. 
5A and 5B. The finding t\ t 55% of the sequenced 
mutations consisted of the axact same base change 
at the targeted base pair uggests that the 
intended base change (T:A . o a;T at bp 167) was 

25 produced in over 4% of all the viral genomes. The 
other mutations analyzed u eluded 3 point mutations 
at base pairs adjacent to ae targeted base pair 
and 6 small deletions inc. ling or abutting that 
base pair. These likely e isc from variations in 

30 the processing, repair, or rep^icative by-pass of 
the triplex-directed lesio at bp 167 as the SV40 
DNA is replicated in the l . ike.y cells. It is also 
possible that the psoralei ;o:ecule, tethered to 
the oligonucleotide by a I carbon linker arm, has 

35 sufficient reach and degrt cf freedom to form 

adducts at nearby base pai Improved mutational 
specificity may be achieve by reducing the length 
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sequencing, a technique ifferential 
oligonucleotide hybridizat )ns was used (Sidransky 
et al.. Science 252:706-7t (1991)). In this 
assay, undertaken in an el rt to streamline mutant 
5 analysis, ampicillin resis nt bacterial colonies 
containing mutant supF ger were grown on nylon 
filters to allow nucleic a d hybridizations. 
Duplicate filters were inc bated with 32 P-labelled, 
18 base oligonucleotides 1 . at either matched the 

10 wild type sequence or mate ad the position 167 T:A 
to A:T mutant sequence. 1 * hybridizations were 
carried out by standard me ois under conditions 
empirically determined to stringent enough to 
allow differentiation bet n mutant and wi.ld type 

15 sequences. Of the 19 col> lies assayed in this 
particular experiment, 9 t owed hybridization 
specific to the mutant prc^e. None showed 
hybridization to the wild ; pe probe, except for 
the positive control in th- upper right corner. 

20 For the 9 colonies that bi to the 167 probe, this 
supports the validity of assay. For the other 
10 that did not bind to t i mutant probe either, 
the lack of binding to t: » wild type probe 
suggests that they either we different mutations 

25 at bp 167 (not T : A to A:T) .>r have mutations near 
bp 167, within the 18 bp i qion covered by the 
probes, causing mismatche. ith both the wild type 
and mutant oligonucleotid ^ . ^ total of 42 mutants 
generated by psoralen-AGi wert rnalyzed by this 

30 method (including the 20 bjeot to sequence 

analysis) , and 22 (52%) w found to carry the T:A 
to A:T mutation at bp 167. All of the rest were 
judged to have different ; at ions at or near the 
targeted base pair, becau neither the mutant nor 

35 wild type probe hybridize ':o them. The validity 
of this assay was support I by the 100% agreement 
with the sequencing data. Thesn results extend the 
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TABLE 2. Targeted mutagenesis in SV40 DNA 



Treatment of SV40 Ratio of oligo to % nutants* Mutants per total 

vector DNA a vector colonies 



None n.a. 0.,)7 6/8,190 

psoralen-AGlO* 1000: 1 < 0.06 0 / 1700 
no UVA 

psoralen-GAlO* 1000:1 n f?.07 0 /1500 
no UVA 

UVA alone n.a. "-.36 5 / 8,427 



psoralen-AGlfr 2:1 2.3 148/ 5,869 

5:1 4.3 118/2,734 

10:1 fU 381 / 5,995 

1000:1 7.3 633 / 8,643 

psoralen-GAlfr 2:1 H 17 3/ 4,397 

5:1 ).3 11/8,230 

10:1 0.06 4/6,800 

1000:1 r \3 92/ 14,670 



a Except where indicated, all samples r ei ved .8 J/cm 2 of UVA 
irradiation. 

* The values represent the frequency of lions seen in the supF gene 
within the pSP189 SV40 vector. 

e Psoralen-AGIO forms a site-specific t pa strand at bp 167-176 of the 
supF gene within pSP189; the reverse seqv, c oligomer, psoralen-GAlO, 
does not. 



Example 5: Intracellular \x jet^. Mutagenesis. . 

An experiment demonstra rq targeted mutagenesis 
of an SV40 vector mediated iy intracellular triple 
helix formation in monkey >£ cells was performed, 
5 The results demonstrated thut specific, 

reproducible mutations can v - produced in viral 
genomes replicating in mon y ce Is by treatment of 

3 
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the cells with psoralen-lin> ;d oligonucleotides 
followed by photoactivation the psoralen with 
long wavelength UV light v tr T A) . Using a set of 
modified target sites in the -ypF gene and a series 
5 of oligonucleotides, this experiment demonstrated 
that targeted mutagenesis in an in vivo assay 
depends on the specificity or the mutagenic 
oligonucleotide for the target site and on the 
strength of the oligonucleot ie binding. The 

10 results also provide a pral binary analysis of both 
the time dependence and the tncentration 
dependence of the oligonuclctide-directed 
targeting within mammalian c^lls. 
Materials and Methods. 

15 Oligonucleotides and vsctors. Psoralen-linked 

oligonucleotides were obt^i;: i from Oligos Etc, 
(Wilsonville, OR). The p.'OTd^n was incorporated 
into the oligonucleotide sy; ..12s is as a psoralen 
phosphoramidite, resulting ir> an oligonucleotide 

20 linked at its 5' end via a two-carbon linker arm to 
4 ' -hydroxymethyl-4 ' , 5 ' . 8-tr i^ethy lpsoralen, as 
illustrated in Fig. 6. T^e .aquences of 
psoralen-conjugated oligo-vui eotides used in this 
experiment include: 

25 AGIO 5' AGGAAGGGGG 3' 

AGT20 5' AGGAAGGGGGGGGTGGTl 3' 
AGT30 5' AGGAAGGGGGGGGTG jTc oSGAGGGGGAG 3' 
AGT43 5' AGGAAGGGGGGGGTG GT^ .3GGAGGGGG 
AGGGGGAGGGGGAG 

30 SV40 shuttle vectors, p ?FGla and pSupFG2 were 

derivatives of pSP189 (de - id above) and carried 
new triplex-binding sites wh zh were engineered 
into the supF gene. The .tied supF genes were 
constructed by inserting ^yr natic oligonucleotides 

35 into the Xhol to Eagl sit is 1 the original supF 
gene using standard techn q* ^ an described by 
Sambrook et al. , Molecular c: >g: a laboratory Manual, 



38 



WO 95/01364 



PCT/US94/07234 



second edition, Cold Spring Ha tor Laboratory 
Press, New York (1990) (which incorporated by 
reference herein) . 

Triplex binding assays. Tw complementary 
5 57-mers which contain the sequc; *:e corresponding to 
bp 157 to 213 of supFGla were sy nthesized. Both 
oligomers were labeled with y- '"^-ATP. The duplex 
DNA was prepared by mixing bot . 37-mers at a ratio 
of 1:1 in TE buffer and incuba* ng at 37 °C for two 

10 hours. A fixed concentration o + duplex DNA (1 x 
10- 10 M) was incubated with incj .sing 
concentrations of the psoralen-^ *.nked oligomers in 
10 /xl of 10 mM Tris (pH 7.4), . M spermidine, and 
20 mM MgCl 2 at 37 °C for two hours. UVA irradiation 

15 (1.8 J /cm 2 of broad band uv lig-t centered at 365 
nm, irradiance of 5 mW/cm 2 ) was used to generate 
photoadducts and thereby covale~*;ly link the 
oligomers to their targets. Th samples were mixed 
with 90 /xl of formamide, and 2 il of each sample 

20 was analyzed on an 8% polyacry t :ide denaturing gel 
containing SDS and 7 M urea, hosphor-imager 
(Molecular Dynamics, Sunnyvale :A) was used for 
quantitation of the reaction pi-aucts." The 
concentration at which triplex >rmation (as 

25 indicated by the generation of ecific 

photoadducts) was half -maximal v s taken as the 
equilibrium dissociation const ^n^ (Kd) . 

Mutagenesis protocol. Tra i ection of the 
cells with plasmid and traatine of the cells with 

30 the psoralen-oligonucleotide war performed as 

follows. Monkey COS-7 ceils w .i obtained from the 
ATCC (1651-CRL) (Rockville, MD - The COS cells at 
70% confluence were washed with BS-EDTA, treated 
with trypsin and incubated at 7 c for five 

35 minutes. The cells were resus ,ded in DMEM/10%FCS 
and were washed three times ^ntrifugation at 

900 rpm for five minutes (4 l C) ung a Sorvall 



39 



RT6000D centrifuge. The cells v re resuspended at 
1 x 10 7 cells/ml. The plasmid Dl As were added at 3 
Hg DNA/10 6 cells and the eel] ,/DNA m xtures were left 
on ice for 10 minutes. Transfecticn of the cells 
was performed by electroporation asing a Bio-Rad 
gene pulser at a setting of , 3 txT/250 W/250 V in 
the 0.4 cm cuvette. Following e ectroporation, the 
cells were kept on ice for 10 mi .ut^s. The cells 
were diluted with growth medium, washed, and 
transferred to 37 °C for 3 0 minutes. At this point, 
the cells were either further dilated and exposed 
to the oligonucleotides in growth ir.edium or washed, 
diluted further, and allowed ~o ttich to dishes 
for twelve hours, washed again v th PBS/EDTA, 
trypsinized, washed three times it t growth medium, 
and finally exposed to the o* igo mc .eotides in 
suspension. In each case, tie p^oralen-conjugated 
oligonucleotides were added to cell; in suspension, 
which were then incubated at .7°^ vith gentle 
agitation every fifteen minuets. U.'A irradiation 
was given at a dose of 1.8 J/jm : at the indicated 
times. The cells were further d lu ed in growth 
medium and allowed to attach ?.o ^la ;tic dishes at a 
density of 1 x 10 6 cells per 15 c..- lish. 

After 48 hours, the celli, wei3 harvested for 
vector DNA isolation using a ,*od..fi*id alkaline 
lysis procedure. The cells * ^re re suspended in 100 
/il of cell resuspension solution (5 ■ mM Tris/HCl, 
10 mM EDTA, pH 8.0; 100 fig/^l HN.se A) and 100 /il 
of cell lysis solution (0.2 K H, 1% SDS) was 
added. After five minutes a* rot m :emperature, 100 
/il of neutralization solutic, (3 A potassium 
acetate, pH 5.5) was added, t f :t .en minute room 
temperature incubation was fc 1c *c by 
centrifugation in a microcentnf >jt for ten 
minutes. The clear super na"- *r extracted with 
an equal volume of phenol /ch < *c ; * (1:1) once, 
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and the DNA was precipitate * ; 2.5 volumes of 
ethanol at -70°C for ten mir The DNA was 

collected by centrif ugatior r • ^en minutes, washed 
with 7 0% ethanol once, and . .d to air dry for 
5 five minutes at room temper..* The DNA was 

digested with Dpn I and RNas.c /. at 37 °C for two 
hours, extracted with phenol / cY : oro:orm, and 
precipitated with ethanol. r ; .NA pellet was 
dissolved in 10 jil of TE bu' 10 mM Tris, 1 mM 

10 EDTA, pH 8.0) and 1 /Jl of v v m DNA was used to 
transform E. coli SY204 or : L o by 
electroporation. The trans* - I E. coli cells 
were plated onto LB plates cc* .^iniig 50 fig/ml of 
ampicillin, 100 /xg/ml of X-ra; and l M of IPTG and 

15 were incubated at 37 °C over~r Lie mutant 

colonies and the total cole v ere counted. The 

mutant colonies were purify r- the plasmids were 
isolated for DNA sequence a; s. 

DNA sequencing. The sire * olonies of 

20 purified mutants were pickec .rto 5 ml of L broth 

containing ampicillin (50 ^ 3 /~ anc were incubated 
at 37 °C for 16-20 hours by si lrg ec 250 rpm. 
Cells from 3 milliliters t t re were collected 
by centrif ugation. Isolati *- plasmid DNA was 

25 accomplished using the Wiza; J smid miniprep DNA 
purification system (Promegt , -Juiscn ; WI) . 1.5 fig 
of plasmid DNA was used for C. < sequencing using an 
ABI cycle-sequencing kit i:, c .-.-Jar.ce with the 
manufacturer's instruction;/ ->,ieo Biosystems 

30 Inc., Foster City, CA) usi* dard methods. The 

sequencing primer was chose ind to the 

B-lactamase gene just upstr- the supF gene in 

the vector. 
Results. 

35 Mutagenesis assay. Th> < i c the assay 

system used to study targe t - genesis of an 
SV40 vector in vivo in Mom * cells is shown in 
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Fig* 6. In addition to th i :V* . 
necessary to enable replic it; on 
the SV40 shuttle vector coiteirvs 
suppressor tRNA gene of E. cell, 
5 for mutagenesis. It also cort.^.ii 
pBR327 replication origin am 
growth and selection in bactt-r . a 
introduction of the vector DNA 
by electroporation, the ce .1: we 

10 presence of the psoralen-linJ-e,] 
which are designed to bind tc a; 
such that the psoralen is de.~ 3 
intercalation site at bp 1* 6 3 
variable time for entry of t.«e 

15 cells and for triplex form it cn, 
irradiated with UVA to act .vute 
form photoadducts and conssqutat 
targeted site in the supF ger e . 
were allowed for repair ani/* : r 

20 vector DNA was harvested f rc 

alkaline lysis procedure and us^ 
(amber) E. coli to detect nu ati - 
gene that occurred in the :0 ; 
transformation, Dpn I digest o 

25 was used to eliminate unreol cit 
lacking the mammalian meth/lv. ^ 
thereby preclude misleading ^ i 
unprocessed input molecules. 

Insufficient in vivo txr t.t 

30 the experiments described *b v ^ 
experiments, a 10 base p^:r ^ i 
gene, bp 167-176, was targ it f 
formation in the anti-para A 
nucleotide psoralen-link^i o ; 

35 these experiments, the triol ^> r . 
allowed to occur during a :w - i 
vitro in an optimized Mg 7 + c: - 
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followed by in vitro UVA ir id ti on a* d then 
transfection of the vector, * lie om clc c ide complex 
into the cells as describe u ab *'e Mu ations were 
generated in the target gene a + < freq sncy of 
5 approximately 6 to 7%. In ,bsec ent experiments, 
the SV40 vector and pso-AG . w rc co-ti ansf ected 
into the cells, with UVA ii. id ..on of the cells 
two hours later. This prot go /a alee targeted 
mutations in 2.1% of the v«. .to n.* lecu *-s, a 

10 frequency in the range of chat t arve in the 

above-described in vitro wr*;. ; */eve , attempts 
to use pso-AGlO to target .a'.ic s to -he supF 
gene by treatment of cellr. .r pre- -ransf ected 
with the pSP189 vector in ti *->tocol outlined 

15 above (Fig. 6) , resulted ir de i :tior f little 
mutagenesis (0.05%) above back ro* nd ( .02%). 

Construction of novel supF ^s. Based on 
this result and based on the rupc ted i ending 
constants for oligonucleot .< -s oi varic .s lengths, 

20 a modified supF gene conta / .n 3 0 be ,e pair 
polypurine/polypyrimidine se ;m . imen r le to 
triplex formation was consti uc dol => e it was 
believed that the binding iffi a f^r .riple helix 
formation by the 10-mer (pjc -A mig - be 

25 insufficient to achieve sign fee in tactions in 
vivo. Novel gene sequences /e e icor^ rated into 
the supF gene to test a ser is jote; ial triplex 
forming oligonucleotides us^ 19 t * x6( - 7 as the 
targeted psoralen intercalation site. 

30 Assay systems were developed to al the 

characterization of factors affecting i vivo 
triplex formation and to examine ae p; sibility of 
intracellular mutation targeti ^. 

The pSP189 vector conta ns ^ r i bp -egment 

35 encompassing the sequences c jdi.Kj fo* * *ie mature 
tRNA between unique Xhol and EagI site*. Using 
synthetic oligonucleotides, this 93 bp tretch was 
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replaced with novel sequences. T. e design of a new 
supF gene, supFGla, is illustrate i in Fig. 7. To 
eliminate one interruption at bp .67 :n the 
polypurine/polypyrimidine r^i, A : T to C:G 
5 transversion was incorpora : i ;~t t* c synthetic 
fragment, along with a coirp -nsatc^y I:A to G:C 
change at bp 101 to maintain base pairing in the 
amino acid acceptor stem o: the it tur :.RNA. In 
addition, a 13 bp polypurine/poiy yri. iiine 

10 sequence was inserted between b. .33 nd 184 to 

extend the length of the poi/pu.-: I r pyrimidine 

run in the gene to 3 0 bp. inu. ie * ' CCA 
sequence at positions 181-1 3 con.^ri.ts the 3' 
terminal amino acid acceptor site of the tRNA, the 

15 new sequences 3' to position 18 3 o n t affect the 
mature tRNA molecule and so do r»j al* cr the 
phenotype of the gene* Foi^owi, .-j anrv a .ing and 
legation of the synthetic o ... .e,.i es into the 
vector, constructs contain \ 7 t jr ti r a suppressor 

20 genes were identified by transtor.iat,. n of lacZ 

(amber) bacteria. The seq^^r.ce o* t: * :.ew supFGla 
gene was confirmed by dire DNA equ r: ing of the 
vector DNA. The new constr- ,t tax: * a 30 bp 
polypurine site with just *. --/j . n ons. By a 

25 similar method, supFG2 was s - ;3 ^ ted, 

containing a 43 bp polypur t. r ? . st; with just 
two interruptions, as show** in F^ j. t . 

Triplex binding. To cu.ipaie "rip 3 formation 
at the polypurine sites in supy, ipr 2, and 

30 supFG2 , a gel mobility shif:*: an:, i wd . sed in 
which synthetic DNA fragment r: ti r 24 bp 
(matching bp 160-183 in th-» .r.u £ > .m.. , 57 bp 
(matching bp 157-213 in su^ or . i bp 

(matching bp 159-217 in su;:gV) vire .sr>d as duplex 

35 targets for triplex format by : . s ^ s of 

oligonucleotides. Corresp w,. n c icleotides 

pso-AGlO, pso-AGT30, and p Ac wc designed to 
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bind in the anti-parallel rot if i the o, 30, and 

43 bp sites in these genes - G^o, designed to 

bind to bp 167-186 in supF* J< * > . sc tested. 

Fixed concentrations of ra c r y labelled 

5 duplex target DNA were inc* o c r c 1 * v i lcreasing 

concentrations of the psor^ Ie~ 1 :t oligomers to 

assay for triplex f ormatior over ; run:; i of 

concentrations. UVA irradiation 'l.a . cm2) was 

used to generate photoadduc ts c .. t^n y 

10 covalently link the mutage it: gi o . cl otides to 

their targets, ensuring th ;ib. .q r. nt 

manipulation of the samples w 1 : , a ter the 

apparent binding. The saitij ie w h : analyzed 

by denaturing gel electrophoresis a;^. 

15 autoradiography . 

Analyses of the bindinc c,t o - c it and pso- 

AGT30 to their respective i.-tf>& e upF and 

supFGla genes demonstrated \ i ; ac ivation of 

the triplex molecules with J :>f JVA leads to 

20 a high proportion of cross- ii: ) s 

psoralen-mutagenic oligomn .leot.it ? ^ u? covalently 

to both strands of the dup^sx *a - v; a psoralen 

interstrand cross-link - t^ ■ r: . * n , a d to a 

small proportion of psoral; . t , rv d. ct (the 

25 psoralen-mutagenic oligonui 1* i. nk* d 

covalently linked to just c \e . i , of the duplex 

via psoralen monoadduct fox me or - h MA band). 

The percentage of the sample n n i*.. t g the sum 

of the XL and MA bands is F rc F- < :o the 

30 extent of triple helix fori 1 «vc-. : er 

oligonucleotides that cann - -> pi x at the 

target site are used in th. 3 c o - L or MA 

bands are visualized (not : •*/ *. . adducts 

can be taken as indicative r rmation. 

35 As the concentration of the t: c ing 

oligonucleotide is increase ^ >. ^ ion of the 

target duplex bound as eit; r ^, is opposed 
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: ;rre^ i+ 








oligonucleotide length and b 


ling 


t 


ty, and it 


15 


places the affinity of pso-Ao 


. j 0 ±o- 


b. 


.ding to 




supFGla in the range of phys;. 


ogic 


nt 


tactions. 




Similar analyses revealed a \ ti 


, -f 1 


It 


M for 




pso-AGT43 binding to supFG2 a 


i < a >; 


0- 


M for 




pso-AGT20 binding to supFGla . 








20 


Targeted mutagenesis in v 


' /Om T 


j. 


pSupFGla 




as a target vector, experime* 


. > we 


c 


ducted to 




study intracellular mutation 


:arget^.g .. 


jy three 




psoralen-linked oligonucleoti 


.3 , t 


c 


which were 




designed to form a triple H ej 


iv wi*. 


3C 


fences in 


25 


supFGla and to deliver the tc 


. ereu 




alen to bp 




166-167. However, the oligorr 


■s-s d:.t: 




d in length 




and binding affinity for tri 


ax f -~ 




on as shown 




in Table 3 below. In thase 




,t 


the 




oligomers were added to the c 


: .Is i . 




.mately one 


30 


hour following electroporati 


rfit. * 


nt 


/ector DNA. 




The cells were then irradi-it 


* wit 




either two 




hours or eight hours after - 


;onu 




ie 




addition. At both the two ar 


. eia ;t 


r. 


r time 




points, the extent of mutage 


- US 




supFGla 


35 


gene was seen to depend on t 




e 


strength of 




triplex formation by the r^s. 




*.* 


jenic 




oligonucleotide. At two hour 


pi- 


. *j . 


produced 
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little mutagenesis above backgr jv *-d, vh eas 
pso-AGT3 0 induced inutations in oi e vector 

m lecules. At the eight ho.r poirt £- ; induced 
mutagenesis was seen with pso-AGir 1 , wl [ 3 psoAGT30 
5 produced mutations in 5% of the ts et 3nes. The 
level of mutagenesis produced by p * -7 3 20 was 
intermediate between the two. The. si >e ?lts help 
to define the requirements for iticitn in vivo 
triplex formation and mutation cargp.t*;-. 



TABLE 3. Targeted mutagenesis of -SupFGia it! ;OS cells 



Oligo K d Cone. Time 0; M j it *n lutants 

ftM UVA fav je .c *r total 
irradia/un lonies 
(hrs) 

None n.a. n.a. n.a. O.u.4 7,600 

pso-AGlO 8 x 10 7 M 0.9 2 1 . > '8,674 

0.2 8 0. 3,148 

pso-AGT20 7xlO' 9 M 0.45 2 18,00 

2.0 8 71073 

pso-AGT30 3 x 10* 9 M 0.45 2 ). * 75,175 

2.0 8 i./ 3/651 



10 



Time course of UVA irradiation T\ -? 

intracellular targeted mutagene. - edi 

mutagenic oligonucleotide was i; - ^ ic a 

process depends on the entry of t e 

oligonucleotides into the cllr . * * rt *■ 

nucleus, and specific binding to . t 

site* In order to achieve *.argf t ; mv 

site-specific generation of a p. ar 1 

these steps must occur by the t t ;e 

irradiation is given. To deter - V 3 

time for UVA irradiation, a ti; 3 ^ e 
was carried out in which tft t^t. 
irradiation following pso-Ar,T30 a^diti 1 



inetics of 
ed by the 
d . This 

n into the 
lex target 
anesis via 
otoadduct, 

A 

jtimal 
xperiment 

to the 
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cell culture medium was varied . results are 

shown in Table 4. As the tir r £ ^wec for 
intracellular triplex formation before, UVA 

irradiation was increased, the yx d cf targeted 

5 mutations also increased, with - ^equ^ncy as high 
as 5.3% for the 8 hour point. c sufficient 
time, therefore, the psoralen- ; 

oligonucleotides can enter cc r orr a 

site-specific triple helix, e i - • iate targeted 

10 mutagenesis of an SV40 vector at .^eqiencies in the 
range of 5%. 

At the later time points, it theoretically 

possible that lesions are targe ; to vectors that 

are not subsequently replicate , repaired before 

15 the molecules are transf orme. : Dai teria for 

analysis. Hence, bacterid ^.oc c inc of 
persistent lesions produced in t^:> CO< cells may be 

occurring. Such vector molecule. :ould escape the 

Dpn I restriction step designee. eliiiiinate input 

20 vector molecules that had not cated in the COS 

cells if they had already und*> c tp replication 

prior to the triplex formvei. JVi. irradiation. 

However, to address this jos . o± * y, we allowed 

pso-AGT3 0 and pSupFGla to torn tr ley. in vitro, 

25 irradiated the complex with 1 f UVA 

irradiation, and used the saT.p.. > d rectly 

transform E. coli without pas^ , ; hrough COS 

cells, A mutation frequency y .03% 

(4/15,000) was seen. The* el » a argeted 

30 mutagenesis observed in t *is .-xt. t .ne t cannot be 

accounted for by the rescue u~ oc ssed vector 
molecules form the COS ce^ls. 
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TABLE 4. Time dependence of targeted n 4 . : nesis v ithin COS cells 



Oligonucleotide 0 



None 

pso-AGT30 



Time of UVA after M?/. 
oligo addition 
(hrs) 



n.a. 

1 

2 

4 

8 



0.03 

3 f7 

5.3 



quen • Mutants/total 



4/14,700 

101/9,400 

178/8,663 

474/13,339 

343/6,515 



a The oligonucleotide concentration used was 2 \i \ ox aL : me points. 



Time course of oligonucleotide. treatment. In 
the above experiments, the cc W * s e> osed to 
the mutagenic oligonucleotide , i ^ one hour after 
introduction of the SV40 vector dna by 
5 electroporation. Although ti ansf r -.ed T V 40 vectors 
become covered in chromatin ipon m rodurtion into 
monkey cells, this process ecu Id ■? incorplete at 
such an early time point. Ar : . nent was 
performed in which the cells . ^ ans. cted with 

10 pSupFGla, allowed to attach ^ a- s ix, growth 

medium, and incubated for 12 ioui The cells were 
then detached by trypsinizat_\ 3n, t v ^ed iree times 
in growth medium and incubate j in ^ 4 .e presence of 2 
jiM pso-AGT30 for two hours be:, re ,i radic. tion with 

15 UVA. In this experiment, mutat .- were generated 
in the supFGla gene at a fre: i: f l. % 

(150/10,175), in the same rar^e .% ,ne frequency at 
the early time point for the ^ame c ncertration of 
oligonucleotide (2.1 %) . He; .e, r n w. . i more 

20 than enough time allowed for :hrc;r./.in assembly on 
the SV40 vector DNA, the pso? - njur ;ed 
oligonucleotide can still ger arqf ed 

mutations in the supFGla ger t^u vector. 
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This provides evidence that 






X 


for 


ion can 




occur with chromatin. 














The detection of targetec 


r 


4 


<■ * 


as 


this 




experiment also confirms th, 


t 




: 


rg- ' 




5 


mutagenesis that observed in 


IT 


a 




d t 






intracellular triplex forma* 


ion. 




: ter 


-owth of 




the cells for 12 hours, try^ 




ni ■ 


t 


.on ; 


lution, 




and extensive washing, it v 


a 






ml 


y that 




any vector DNA would persis 








ex 


ellular 


10 


medium at the time of oligov uc 






e 


tment. 




Concentration dependence. 








nc 


ation 




dependence for targeted mut<*ge 


, t . 




wa 


; SO 




investigated. The results 




s* 




; i^ 


ble 5 




below. Following electropo 


i 






- t. ' 


os cells 


15 


with the SV40 vector DNA, t; 




c 


s 




ncubated 




in the presence of pso-AGT3i 


a 






ions from 




0.1 nM to 2 |iM. UVA irradia 


tion 


V 1 


> 9 ' 


- eight 




hours later. As can be seer 










tectable 




frequency of mutagenesis wa 


or s: 




i the 


20 


extracellular oligonucleotit 


e 


-or 


e. 


tr 


n in the 




nanomolar range. This is t 


i 


cr 




w 


the Kj for 




triplex formation for pso-A 






Ci 


su 


a being 3 




x 10- 9 M. Although intracel 




.dr 




„gc 


' eotide 




concentrations were not dir 


ct 






su 


in these 


25 


experiments, other studies 


av 






,rt 


hat 




treatment of mammalian ceii 


V 


t 




ig 


leotides 




produces concentrations wit 




c 




t, 


are in 




the same range as the give?. 






e 


lu 






concentrations . S i gn i f i ca n 






3 


of 


geted 


30 


mutagenesis were seen at an 


extt c; 


" 3 


" lu 


mutagenic 
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oligonucleotide concentrati i 



si stent 



with the data presented in 




3 i 


* 


TABLE 5. Concentration dependence of 




1 nv ! 



us within COS cells 


Oligonucleotide Concentration 

(nM) 
(hrs) 


— 

4 




Mutants/total 


None 0 






2/3,400 


pso-AGT30 0.1 


).? 




6/2,050 


1 






12/2,200 


10 






20/2,550 


100 






19/2,860 


1000 






198/8771 


2000 






343/6515 


" The values represent the frequency of 
oligonucleotide concentrations listed with T ' 
after oligonucleotide addition to the cells. 


A 




1 ior 


he 

eight hours 


Sequence analysis. A sr 




36 


tions 


induced in the supF gene b> 


P • 


T3C 


-he 2 hour 


and 8 hour time points were 


an 


ed t. 


A 


sequencing. The results a, 




ir 


10. Of 


5 these, 28 (78%) were T: A t 


% ' 


j it v 


ons at bp 


166 (the predicted psoralei 


i : , 


-lat 


site) 


while 6 (17%) were deletior 




riou 


.tes 


spanning the triplex target 


S - 


The 


erved 


frequency of deletions may 


e ; 


nd^ > 


mate, 


0 since larger deletions invr 


vi 


equ* 




surrounding the supFGla ge* 


v * 


XT r 


v ate 


essential genes for vector 


c~ 


' icr 


neref ore , 


molecules undergoing such 




b wc 


not be 


detected in the assay. Ttv 


C f. : 


Its 


nstrate 


5 the specificity of the int 




t IT 


ion 


targeting and suggest that 


r. 


v ** 4 


ducts can 
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generate either specific po ; nt 




1 tt*'- 


5r 




deletions at target sit . 










Specificity: the effect cf % 






>logy for 




triplex formation. The specii 


i 


' j < 




5 


mutagenic oligonucleotide-mediatr 


i ta* 


ed 




mutagenesis may be influenced > 






factors, 




one of which is the existen < 2 i: 




• Itor 


2 sites in 




the DNA having partial homo, o;-' 




J. 


iX 




formation by the psoralen-cc 1 : 


' 


.d - 


renic 


10 


oligonucleotide. This issue 






by 




comparing targeted mutagenesis 


c , 


;.ht 


"Gla and 




supFG2 genes by pso-AGT43. P^, 


;- \ 




designed 




to form a triple helix at ba ; 


I * 




i09 of 




supFG2. In the anti-parall . . 




t 


i tches 


15 


exactly the 43 bp site in sl.j 






r the two 




T interruptions at base paii ~ 




r . 


(95% 




homology) . In contrast, 




h. 


,y 65% 




homology for triplex formation 


v ._ 




±a. The 




first 30 nucleotides in pso~A^\ 


4 f 


a. t 


xactly 


20 


those in pso-AGT30, and so p .v> 






8 out of 




43 nucleotide homology for t : 






on with 




supFGla (taking into account 






le 




mismatches at 180 and 18 3) . 






GT30, the 




tethered psoralen in pso-AGx4. 




" ci; 


to 


25 


intercalate at base pairs ie.6~: 






ceptually 




similar experiments, a compa 




A. 


GT30 in 




targeting both the supFGla 1 






it is 




designed to form triplex) a: 




■ X 


supF 




gene (to which it has only : 






uleotide 


30 


homology for triplex format; 
experiments, the elecLropcrr tc ~ 






In these 
were 




incubated in 2 /*M concentrat r; 




r 


tagenic 




oligonucleotide for two hour. ; 










irradiation was given. 








35 


Pso-AGT43 effectively tai 




J* 


3 to 




supFGla as shown below in Tc 




I 


^ r 




pso-AGT43 failed to induce r t 




s 


e supFGla 
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gene above the background f > 
that the partial homology f . 
with supFGla is insufficier/ 
in vivo interactions. In t. 
5 can target mutations to sup} 
effective in inducing mutat 
supF. These results demons* 
the intracellular targeting 
The frequency of targete 

10 pso-AGT43 in supFG2 was not 
with pso-AGT30 and supFGla , 
increase observed in going ; 
pSO-AGT20 to pso-AGT-3 0 (To. 
that the 43 nucleotide long 

15 (pso-AGT43) may be subject 
self-association to form G- 
effectiveness within the ce 

TABLE 6. Targ 



Oligonucleotide 



Target 
gene 



Homolog ; 
for triple; 
f ovulation* 



pso-ATG43 
pso-AGT43 
pso-AGT30 
pso-AGT30 
pso-TCGA30 



supFGla 3C/43 

supFG2 41/43 

supFGla 28/30 

supF 17/30 

supFGla 12/33 



que z , 

* tl .p 3X 

sdia- 
- t 

>n: ti 
ate ..ae 



* The values represent the fraction of tx 
triple helix motif (G for G:C bp arid either 
listed oligonucleotide and the designated ta f 

b The values represent the frequency of . 
oligonucleotide concentrations of 2 /zM an.; * 
hours after oligonucleotide addition to the : s. 



^sting 
z. mat ion 
£ ignif icant 
p ,o-AGT30 

* not 

modified 

ficity of 



. . clont e duced by 
* r th; that seen 
r t * the 
o 

; 1 possible 

-ri o 1 gc .cleotide 

X * i -ive-n 

♦ * »ts, t 3 ting its 



tior tants/tot 
*nc\ 




^ in t -oarallel 
o A: r i) between the 

served using 
\. i: n given two 



The foregoing results d. i ^ 2 ;e a 
triple helix forming -:ligor - : le ; :nerate 
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targeted mutations within ir 
of the oligonucleotide to a 
confers sequence specificit c 
psoralen, which is deliver* 
5 via intracellular triple he 
oligomer with a K d in the r 
is preferred for significar 
interactions • Other factor 
triplex formation under ph> 

10 such as oligonucleotide bai c 
backbone structure, could Le 
of assay. Because selectee 
adjacent to the supF gene c 
without disrupting suppress r 

15 target sites designed to sp 
aspects of intracellular tr 
constructed. 

Sequence analysis of the 
pso-AGT30 revealed a high s 

20 A:T transversions at the pi 
intercalation site (bp 166; 
time course experiment ind^ 
of oligonucleotide entry ir 
intracellular formation of 

25 over several hours. The i; z 
mutations seen at the later 
part, reflect the time neec 1 - 
as well as the interplay o^ r • 
in forming the targeted DN^ 

30 

Modifications and var a*: . 
invention, mutagenic triple < , 
oligonucleotides, as v:cli a 
thereof, will be obvious tt _ ; 
35 art from the foregoing -letti 
modifications and var'-.t.oi 
within the scope of tha appe : 



-at i c 

;el 

. -ic 



vit 

*r ■ 



t 
t 



ar 



t: 



-Ti » 



Linkage 
len, 

of the 
3d site 

An 

r better 

feet 
.ons, 

id 

:his type 
in and 

-d 

ditional 
: ne other 
could be 

;ted by 
J:A to 

i 

jf the 
ocesses 

?ccur 
-y of 
in 

cesses 
,ication 

tat ions. 

ent 



n the 

Such 
o come 
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We claim: 

1. A mutagenic oligonuc*. 
directed mutagenesis of a c : 
acid molecule comprising 
into a single-stranded ol g 
sequence that forms a tripl 
molecule with a target regio 
stranded nucleic acid molec; 

2. The mutagenic oligon 
wherein the mutagen is s^Ir 
consisting of psoralen, a. r 
alkylating agent, a cis-; z* 
hematoporphyrin, a hemat^.o 
mitomycin C, a radionucl^ae 
interacts with radiation tc 

3. The mutagenic olioor 
wherein the mutagen cause; 
double-stranded nucleic r i 
presence of light. 

4. The mutagenic oligcn.. 
wherein the mutagenic cnenac 
4,5' , 8-trimethylpsoralnn. 

5. The mutagenic olicon 
wherein the oligonucleoti e 
20 and 3 0 nucleotide b-isr. 

6. A method for site-c i 
nucleic acid molecule cupr. 

a) hybridizing a m* 
to a target region of h dou 
acid molecule, wherein tl : 
oligonucleotide comprises a 
into a single-strande^ m ± 
triple-stranded nucleic t c i« 
target region; and 

b) mutating do- 
acid molecule. 



f 
r 

1 

:i i 
^3 
e 

'e 
t. 

a 

a 

d : 
in' * 
*■ 

e ( 

o. 

1 



nucleic 
rated 
ing a 
3ic acid 



-aim 1 
oup 



,ve, 
3 that 
ic. 
iLm 1 

ie 
:e 

*im 3 
methyl - 

im 1 
between 

is of a 

of: 

cleotide 
leic 

rated 
rms a 

^.he 

cleic 
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7. The method of cla 
additional step of activ , _ 
the mutation step. 

8. The method of Claris 
selected from the group i 
acridine orange and is ar.l ^ 

9. The method of claim he 
selected from the group s ~< 
orange, an alkylating ag .a 

a hematoporphyrin, a hem it 
mitomycin C, a radionucl ^ 
interacts with radiation ^ . : 

10. The method of cla*.. vj 
alters the activity of t; y 
acid molecule. 

11. The method of cl , v 
stranded nucleic acid mo » 

12. The method of cl 
an oncogene. 

13. The method of cl a 
defective gene. 

14. The method of cl i. 3 
a defective human fi-hemc ^ i r 

15. The method of cl i d 
stranded nucleic acid :.*o 

of a viral genome. 

16. A method of prod * * * 
oligonucleotide comprisi 

a) synthesiziir \ 1 i 
substantially complement ; 
strand binding code to a 
stranded nucleic acid ;\c. 

b) incorporating * 
oligonucleotide. 

17. The method of cl 
is covalently linked to ^ 



'.si; a 

iutc >rior to 

.n t v itagen is 

of :len and 

/ ii 

in t itagen is 

of line 

-plf n analog, 

in C 3; utive, 

mol • a that 

mat ^c. 
2i.i utation 
stt c nucleic 

^in rouble- 

sin jene is 

ene is a 

rei: gene is 

ain c. iouble- 
a1 - portion 

"a _ 
ps f 

on t \ lird 

ji >: . double- 

i 

i r 

re * mutagen 
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18. The method of clz r mutagen 

is incorporated into the V j n ±ot- .ring 

synthesis of the oligonuc] d 

19 • The method of cl<t ; reir mutagen 

is bound to the oligonuc or phc :ivation. 

20. The method of clair : ■>--jrei r mutagen 

is selected from the groi p : ^ r inn ;oralen, 

acridine orange, an alky I it nt 

platinum analog, a hematopi j..y , a 

hematoporphyrin derivative - t -;in 

radionuclide, and a moleeu. ,nt> ; with 

radiation to become mutaut . ~ 
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3' 




AGG> 



GCTGAAGCTTCCAAGCTTAGGa 
, CGACTTCGA AGGTTCIGAAT CC 

5' ^. 150 160 



Hinf 



^ JHin* - 
o (bp in supF) 131 ^ ^ ^ 

* 150 bp » ■*— -v: 



supF PCR fragment: 



FIG. 4 
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180 / 3' 
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/ 

/ 
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205 



65 bp- 
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FIG. 
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c 
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